ABSTRACT An attempt is made to predict the energy and angular distribution of charged mesons to be expected from the bombardment of deuterium by 345 Mev protons assuming that the cross section for production in two-nucleon collisions is known. The problem is simplified by assuming that the third particle enters the reaction only by giving to the struck particle a momentum distribution at some time ~revious to the meson production, by carrying off the complementary momentum, and by limiting the states available through the exclusion principle.
The possibility of the reformation of a deuteron more than doubles the cross section for the production of positive if it occurse Hence the positive-negative ratio offers an experimental means of determining the spin dependence of positive meson production in the final state, assuming that the ratio of p-n to p-p production is knowno Alternatively this approach offers a method for a rough determination of the p-n meson production cross section using high energy proton beams.
,
The purpose of this paper is to attempt to predict the energy and angular distribution of mesons resulting from the bombardment of deuterium by 345 Mev protons, under the assumption that the cross section for the production of mesons in two nucleon collisions is known. Alternatively, since high energy neutron sources of sufficient intensity and energy resolution for ru1 accurate, direct study of meson production in ?--P collisions have not yet been achieved, this analysis can offer a method for learning something of this n-p cross .section.
The production of mesons in proton-proton collisions is being investigated experimentally by Richman, Wilcox, Whitehead, Cartwright, and V. Peterson(l); Keith Brueckner has conducted a theoretical investigation of the problem in the light of these experiments( 2 ):
The general method of attacking the problem was suggested to the author by Professor Chew, i, analogy with an approach he is using in the study of n-d inelastic scatterin5(J). It rests upon two assumptions, of which the first is probably justified, while the second is open to considerable question. The first assumption is that the production takes place in a time so short compared to the period of the deuteron that the impulse approximation may be used. Since for the incident proton.v/c = .682, the time for it to cross a meson compton wave-length is only 2 percent of the deuteron period. Hence it seems reasonable to assume that the problem can be treated in terms of the production of mesons by two nucleons, one of which has the momentum distribution of a particle in the deuteron* while the third particle simply carries off the complementary momentum without 'UCRL=710 Revo Vnclassified Distribution otherwise entering the reactiono The general examination of the errors made in impulse approximations of this type is to be discussed in a forthcoming paper by Professors Wick and Chewo
The more dubious assumption is that the particles which produce the meson do not then interact with the third particle except in so far as the exclusion principle limits the states available to themo This is essentially the same approximation as the neglect of double scattering from alternate particles in the inelastic scattering of nucleons by deuteronso In the latter problem one of the three particles must have a large momentum relative to a pair of particles that are interacting stronglyo As Professor Chew has shown, this allows a straightforward treatment in terms of two boqy interactionso Vfuen a meson is formed~ however, it is quite possible for all three nuclebns to have comparable momenta, so that exact treatment would require a solution of the three body problemo Still, it can be argued that the situation is not so desperate as ·to invalidate the method used belowo Firstly, when the three momenta are comparable, the exclusion principle causes a compensating reduction in the· cross sectiono A further limitation occurs in that the phase space available to the three particles in this energy region (ioeo the region of high meson energy) is srnallo Outside this region the effect is smallo In fact i f the third particle has a relative energy of 40 Mev or greater, as is true on the average for most of the distribution except the high energy tail already discussed, its cross s~ction at the average distance from the two interacting particles (4 or 5 wave-lengths at this energy) covers less than 6 percent of the solid angle into which these particles may goo Moreove~, the interaction between the two particles which produce the meson can be taken into account to the same extent as was done by Bruecknero This interaction completely alters the two nucleon distribution both in magnitude UCRL-710 Rev.
-6-and shape; it increases the magnitude of the p-d cross section by a corresponding amount but has much less influence on the shape. Thus the results given below should be at least qualitatively correct, except possibly for the high energy tail. Clearly this method ignores the possibility of the formation of a triton, but the results indicate that this process should be separable experimental~ from the main body of the distribution.
DERIVATION OF THE SCATTERING NillTRIX
The formal statement of the above assumptions and derivation of the scattering matrix will be carried out in terms of the R matrix notation(3~ The assumption that the two nucleon cross section is known can be stated as knowledge of appropriate two particle R matrices. These are then combined with the assumption that the third particle influences the reaction only by giving a deuteron momentum distrjbution to one of the interaction particles a.t some time previous to the production of the meson, to give an R matrix for the problem at hand.
In order to clarify the notation, consider the two particle case briefly.
Let the momentum and spin variables of the incident proton and struck neutron be denoted by ~0 and ~n respectively, the final neutron variables by ~ 1 and ~ 2 , and the positive meson variables by~+. Then ~P' which describes the transformation of a proton ~ 0 and a neutron C,: n into two neutrons ~ 1 and ~ 2 and a positive meson l'j+, may be written ( ~l tltt~pl'f; 0 {n). Momentum conservation may be factored out giving
where the spin and momentum variables of the nucleons have been explicitly introduced. Note that this separation restricts us to treating the nucleons nonrelativistically throughout (except that the incident proton may be treated relativistically in calculating the energy and momentum available for the reaction; the treatment of the final nucleons can be shown to be a good approximation).
(1)
The cross section for the production of positive mesons in an n-p collision is then to be written where kR = f(~~k 2
) and all other ~ariables in rrip are to be expressed in ter_ ms f'W\ N\"\"""""~
• of k·', q (and k 0 ) by means of momentum conservation. That is, formally 9 r:p _.. """'
"""' appears in the cross section in the same way as a matrix element for the transition calculated in Born approximation; this analogy is useful in practiceo In fact, the whole calculation is formally equivalent to a second order perturbation calculation assuming that the nuclear forces and meson production arise from separate interaction terms in the Hamiltonian and that the corresponding second order calculation for the two particle case gives the correct answero
In terms of this notation the (unsymmetrized) R matrices for the deuteron problem under our assumptions may be written 9 for negativesg (2) ({1~2f31')~ ~pdl(;oS'n) = ~ <~1~2~~~R~PI ~ocn)o~;S3 xyn(sn€p)1f~0(~b)
and for positivesg ever coordinate s.ystem is chosen. These two equations contain the formal statement of the assumptions (a) that the third particle influences the production of the meson only through giving to the struck particle a deuteron momentum distribution at some time previous to the collision, and (b) that the three nucleons go directly into the final state c;" 1 Positive mesons can also be formed with the final nucleons coming off as a neutron and a deuteron instead of as two neutrons and a protono According to the approximation being used here 9 this process wi.ll occur mainly when t?e positive meson is produced from the proton in the deuterono This is the same process as that considered by Brueckner, Chew, and Hart (5} in proton""proton .collisions 9 and can be included by calculating
Clearly this term is incoherent with processes that lead to one proton and two neutronso The alternative case when one of the two neutrons proquced in the n=p collision picks up the original proton in the deuteron is neglected in this approximationo (3) , (4), and (5) are the formal solution of the ~roblem posed;
given the R matrices for the production of mesons in two nucleon collisions~ UCRL-710 Revo =9= which except for phase may be learned empiri.cally 9 they enable us to calculate the production of mesons by proton~deuteron collisions under the assumptions 
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where M-is the two nucleon matrix element for the production of negatives and pn g is the momentum aplitude in the deuteron. The three positive terms give the 0 distribution that would be produced in an n-p collision where the neutron had the momentum distribution in the deuteron. The negative terms .are a correction taking account of those states which are excluded qy the presence of the third particle.
..
The assumption that M is a 'constant gives the phase space for the pn problem less the exclusion principle correction. The meson distribution in the forward direction under this assumption is plotted in Fig. 1 to the same scale as the production of negative mesons in n-p collisions under the same assumption.
The general character of this distribution persists when the forces between the two interacting nucleons in their final state are taken into account.,
The experimental results on the production of positive mesons in protonrotan collisions(l) are clear~ incompatible with the assumption that the matrix (5) . . element is a constant. Brueckner, Chew, and Hart have shown that the discre~ pancy can be removed by taking into account the interaction of the nucleons after (6) .the production of the 'meson. Essentially this is found to introduce into the R matrix a factor Koi(a~+k~) 1 our assumptions the final state in the production of negatives is a singlet, the result (relative to the two nucleon production) is the same for all four theories and is given in Fig o 2o The chief effect upon the deuteron spectrum (outside of the change in magnitude) of taking this effect into account is to 
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where Acos (6 =5 ) depends upon the theoryo Note that for equal p-n and p=p pn pp matrix elements the exclusion correction is one-third the correction in the case of negativeso This is a specific example of a general argument given by Chew and Steinberger(?) to show that·the exclusion correction will increase the positive negative ratio for the production of positive mesons by protons in complex nucleic UCRL-710 Revo -12-For the final state a singlet spin state (scalar or vector mesons, A= 1), under the usual assumption that the n-p.and p-p scattering lengths are equal, the production of positives is also given in Figo 2. This curve (II) is made up of three parts, which can be determined from the curves already given for the production of negative mesons (IV and V)o The distribution of positives produced by a collision of the incident proton with the neutron will be the same as the distribution of negatives (V) times the ratio of n + p ~ n~ to n + p_,.n:" cross sections. The distribution of positives produced in collisions between the incident proton and the proton in the deuteron will again have the same form but will be multiplied by the ratio of p + p _,. n+ to p + n -t n+ cross sectionso (If the p-n and p-p matrix elements are equal this ratio will be two, since either proton can give a positive meson in the p-p case.) The exclusion principle correction is the same as that taking (V) into (IV) times one half the ratio of p-p to p-n cross sections. Note that in the case plotted, (~;n / op~ = 1 and cr;p /~;n = 2 ), this exclusion correction is only one-third as large compared to the total cross section as the exclusion correction in the production of negatives. Under this assumption that the p-n and p~p matrix elements are equal, the positive-negative ratio for mesons of 60 Mev in the forward direction is 3.S4! OoS4.
The uncertainty is due to the possible interference between positives produced from the neutron_ and those produced from the proton in the deuter~n.
For the final state a triplet (pseudoscalar theo~ with pseudovector coupling or 2/3 of the time with pseudoscalar coupling) the cross section is greatly increased by the reformation of a deuteron in the final state. The distribution of positives produced from the proton is much the same as when the final state is a singlet, but the case when the deuteron reappears as one of the final particles has comparable cross section. The comparison of these two parts of the cross section is given in Fig. 3 . Note that the value of the measured UCRL=710 Rev.
=13-p-d cross section relative to the cross section measured for the production of positives in p-p collisions will depend critic~ on the energy resolution of the apparatus used in the latter experiment. (The ratio of the deuteron peak to the peak of the continuum distribution is given by 4n Ed/~E where Ed is the binding energy of the deuteron and ~E is the energy resolution in the center of mass s.ystem.) The total cross section in the forward direction (again assuming n-p and p-p matrix elements equal, and neglecting interference) is plotted in Fig. 4 . The positive-negative ratio in the forward direction ~t 60 Mev is ) 8.22 ! 0.84. This large increase in the positive=negative ratio when the final state is a triplet is, of course, due to the added cross section resulting from the reformation of the deuteron. This increase ·is clearly much larger than the uncertainty due to the interference term. Hence, if the matrix element for p=n production were known to be approximately equal to that for p=p production, the . experimental value for this posi.tive-negative ratio would determine fairly clearly whether or .not the reformation of a deuteron occurs appreciably in p=p meson production. Conversely 9 if the formation of a deuteron could be demonstrated in meson production from hydrogen, this ratio would give a fair idea as to the ratio of p-n to p=p matrix elements (assuming the p=n matrix element the same for both positive and negative meson production).
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Since we are only interested in the meson distribution, the result will be inte·~ grated over all nucleon momenta; hence the matrix element that will appear in the cross section may be written
"""""""2 """"""
where (as is the case in the theories considered by Brueckner) the momentum dependence can be factored ·out as F(lki-kj ~~=), the~l is the phase space """ """"
factor for three identical particles, and the 1/6 comes from the average over the six initial spin states. Since
the diagonal term reduces to
i.e. simply to 1/2 the matrix element (squared) for negative production in p-n collisions times the momentum distribution in the deuteron. This is the term to be expected for direct production from the neutron. (The 1/2 occurs in the two particle case also as the phase space factor for two identical particlese) Similarly the spin sum for the exclusion correction gives ~g:(k 3 +kc)M;n(jk 1 -k 2 1)~rf) ~n(\~-~~)~~':')*M~n( lk 2 -k 3 1;'1-)
So that the exclusion correction is 100 percent when the three final particles all have the same momenta, as it should be. Combining these and including the cyclic permutations of 1,2,.3 gives the result (6) already quoted. The matrix element for positives, (7) , is obtained in the same way. Here, however, no simplification such as the final state being always a singlet occurs and different theories can
give different results for the coefficient of the interference term Acos (opn~dpp).
B. Phase Space Integrations
The canonical variables picked were r~ the internal coordinate of the deuteron, y, the distance between the incident proton and the center of mass of the deuteron, and x, the center of mass coordinate for the three particles, with conjugate momenta nkr , 'tky and 'hkx. The initial kinetic energy T 0 and momentum ,.,.,. 
where the deuteron momentum distribution has been taken to be (8naN 2 )i/(a 2 + k 2 ).
The calculation has also been carried through for the more reasonable deuterqn 
